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The jellyfish green fluorescent protein (GFP) coding sequence was used to replace the coat protein (CP) genes in a
full-length cDNA clone of CPMV RNA-2. Transcripts of this construct were replicated in the presence of RNA-1 in cowpea
protoplasts, and GFP expression could be readily detected by fluorescent microscopy. It was not possible to infect cowpea
plants with these transcripts, but combined with a mutant RNA-2, in which the 48-kDa movement protein (MP) gene has been
deleted infection did occur. With this tripartite virus (CPMV-TRI) green fluorescent spots were visible under UV light on the
inoculated leaf after 3 days and a few days later on the higher leaves. These results show that the polyproteins encoded by
RNA-2 do not possess an essential function in the virus infection cycle and that there is, contrary to what we have found so
far for the proteins encoded by RNA-1, no need for a tight regulation of the amounts of MP and CPs produced in a cell.
Subsequently, the GFP gene was introduced between the MP and CP genes of RNA-2 utilizing artificial proteolytic processing
sites for the viral proteinase. This CPMV-GFP was highly infectious on cowpea plants and the green fluorescent spots that
developed on the inoculated leaves were larger and brighter than those produced by CPMV-TRI described above. When
cowpea plants were inoculated with CPMV RNA-1 and RNA-2 mutants containing the GFP gene but lacking the CP or MP
genes, only single fluorescent epidermal cells were detected between 2 and 6 days postinoculation. This experiment clearly
shows that both the capsid proteins and the MP are absolutely required for cell-to-cell movement. © 1998 Academic Press
INTRODUCTION
The genetic information of cowpea mosaic virus (CPMV)
is divided over two plus-strand RNA molecules. Both RNAs
contain one large open reading frame and possess a small
protein, VPg, at their 59 end and a poly(A) tail at their 39 end
(for a recent review see Goldbach and Wellink, 1996).
Translation results in so-called polyproteins that are
cleaved at specific Gln/Gly, Gln/Ser, and Gln/Met sites by
the 24-kDa viral proteinase into 15 intermediate and final
cleavage products (Fig. 1). All proteins encoded by RNA-1
are involved in replication. RNA-2 is translated into two
carboxy coterminal polyproteins, which are cleaved into the
two capsid proteins and the 58- and 48-kDa proteins (Fig.
1). Cytological and genetic studies have revealed that
CPMV moves in a virion form through tubular structures
that are formed by the 48-kDa movement protein (MP) in
plasmodesmata (Wellink and Van Kammen, 1989; Van Lent
et al., 1990, 1991). Similar tubules have been observed in
protoplasts infected with CPMV (Van Lent et al., 1991;
Kasteel et al., 1993).
The jellyfish green fluorescent protein (GFP) has been
found to be a very useful noninvasive in vivo reporter in
many fields in cell biology including virus research (Cu-
bitt et al., 1995; Baulcombe et al., 1995; Heinlein et al.,
1995). The gfp gene has been incorporated into viral
genomes to act as a reporter of viral infection, and GFP
has been fused to viral proteins in order to study their
(sub)cellular localizations (for a recent review see
Oparka et al., 1997). Here we describe how we have
used GFP to aid studies on the movement of cowpea
mosaic virus in plants.
RESULTS
Inserting GFP in the CPMV genome
Foreign proteins to be expressed from the genome of
CPMV need to be provided with proteolytic cleavage
sites to allow release from the viral polyprotein. This
should prevent the foreign protein from interfering with
viral proteins that are essential for the viral life cycle in
the plant. Previous in vitro translation experiments have
shown that when 11 amino acids upstream together with
29 amino acids downstream from the Gln/Met cleavage
site between the MP and the large capsid protein (L)
encoded by RNA-2 are introduced in the middle of the
87-kDa polymerase encoded by RNA-1 this site is still
cleaved by the CPMV proteinase (G. van Tol and H. van
Bokhoven, unpublished results). In initial experiments
the GFP coding sequence was used to replace most of
the coat protein (CP) genes in a full-length cDNA clone of
CPMV RNA-2. Based on the above-described in vitro
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translation results the construct was made in such a way
that the N-terminal 29 amino acids of L became fused to
the N-terminus of GFP. In vitro translation of transcripts of
this construct (pTMGFPDCP1), which also contained 220
nucleotides from the 39 noncoding region of the GFP
gene (Chalfie et al., 1994), resulted in polyproteins that
were cleaved at the Gln/Met by the CPMV proteinase
into the 58- and 48-kDa proteins and GFP fusion protein
in an in vitro assay (results not shown). When the
MGFPDCP1 transcripts together with wild-type (wt)
RNA-1 transcripts were transfected into cowpea proto-
plasts they were replicated at a very low level (results not
shown). However, transcripts from a construct without
these extra 39 noncoding sequences (MGFPDCP, Fig. 2)
replicated quite well in protoplasts and GFP expression
was readily detected by fluorescent microscopy in the
cytoplasm and the nucleus (not shown). It was not pos-
sible to infect cowpea plants with these transcripts, but
when we added MD48 RNA, a mutant RNA-2 in which the
MP gene has been deleted (Fig. 2), and using a hand-
held UV light, green fluorescent spots were visible on the
inoculated leaves with the naked eye 3 days after inoc-
ulation. Under the fluorescent microscope these spots
were found to consist of groups of epidermal and meso-
phyll cells with green fluorescence in their nucleus and
cytoplasm (Fig. 3A). Subsequently, the GFP gene was
introduced between the MP and CP genes of RNA-2
utilizing the coding region for 29 amino acids of the
N-terminus of L and 11 amino acids of the C-terminus of
MP to create two artificial proteolytic processing sites for
the viral proteinase (MGFP, Fig. 2). This CPMV-GFP was
highly infectious on cowpea plants (Figs. 3B–3D) and the
green fluorescent spots that developed on the inoculated
leaves were larger and brighter than those produced by
the tripartite virus (CPMV-TRI) described above.
The symptoms induced by CPMV-GFP on the inocu-
lated and upper leaves appeared only slightly later than
those induced by wt CPMV, whereas the symptoms in-
duced by CPMV-TRI were clearly delayed and less pro-
nounced. When plants were inoculated with extracts
containing relatively low amounts of CPMV-TRI, the
FIG. 1. (A) Genetic organization and expression of CPMV. The RNAs contain a long open reading frame shown by the open bar. The positions of
the start and stop codons are indicated on the RNA. The position of the Gln/Met, Gln/Gly, and Gln/Ser cleavage sites are indicated on the polyproteins
with QM, QG, and QS, respectively. VPg is represented by a black box and the other proteins by single lines. L and S are the large and small capsid
proteins, respectively.
FIG. 2. Schematic representation of RNA-2 mutants used in this
study. Open reading frames are indicated by open bars; the wavy line
represents the poly(A) tail. 48K is the MP, and L and S are the large and
small capsid proteins, respectively. The position of restriction enzymes
sites used in the construction of the mutants are indicated underneath
the wild-type RNA2, using the following abbreviations; A, AflII; B,
BamHI; N, NaeI; X, XhoI. Positions of the start and stop codons and
proteolytic cleavage sites in the polyprotein are indicated above the
wild-type RNA2. The position and size of the deletion in MD48 are
indicated underneath this construct.
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plants usually did not develop systemic symptoms at all.
Wild-type CPMV symptoms developed on systemic
leaves after 5/6 days postinfection (d.p.i.), whereas with
CPMV-GFP, visible symptoms on systemic leaves ap-
peared after 6/7 d.p.i. and with CPMV-TRI after 8–12
days. With UV light, green spots on these leaves were
usually visible with the naked eye 1 day before symp-
toms became apparent and virus seemed to spread
FIG. 3. Green fluorescence in plants infected with CPMV derivatives that express GFP. A, B, C, and G are epifluorescent micrographs and D, E,
and F are stereo microscopic images. (A) Green fluorescence in epidermal cells of a cowpea leaf 7 d.p.i. with CPMV-TRI. (B/C) Green fluorescence
at different focal planes in epidermal cells (B) and mesophyl cells (C) of a cowpea leaf 3 d.p.i. with CPMV-GFP. (D) Green fluorescence mainly
surrounding minor veins in a systemically infected cowpea leaf 9 d.p.i. with CPMV-GFP. (E/F) Green fluorescent lesions on pinto bean leaves
inoculated with CPMV-GFP (E) and CPMV-TRI (F) 5 d.p.i. (G) Green fluorescence in a single epidermal cell of a cowpea leaf 3 d.p.i. with CPMV RNA-1
and MGFPDCP. The bar represents 50 mm in A, B, C, and G, 2 mm in E and F, and 3 mm in D.
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mainly from areas surrounding small veins (Fig. 3D).
Lesions induced by wt CPMV and CPMV-GFP on pinto
bean plants (a local lesion host) had a similar size,
whereas the lesions produced by CPMV-TRI were
smaller (Figs. 3E and 3F). Both ‘‘green’’ viruses appeared
to be rather stable, and RNA extracted from virus parti-
cles isolated from systemically infected cowpea leaves
had the expected size (Fig. 4). However, after a few
passages, inoculated plants had leaves that were clearly
infected but did not show green fluorescence. RT–PCR
and sequence analysis of RNA extracted from virus iso-
lated from such leaves suggest that CPMV-GFP and
CPMV-TRI can lose either parts of its insert or the com-
plete insert (Table 1) and that during CPMV-TRI infections
recombination between the two different RNA-2 mole-
cules can take place. One such recombinant caused wt
symptoms and was found to possess an RNA-2 mole-
cule ' 500 nt longer than wt RNA-2 (Fig. 4, lane 7).
Sequence analysis of the RT–PCR product of part of this
recombinant RNA-2 revealed that recombination had oc-
curred between the two small RNA-2-derived molecules,
probably as shown in Fig. 5, and that most of these
additional 500 nt had been derived from the GFP coding
sequence.
Deletion mutants
Previous results suggested that both the MP and CPs
are required for the cell-to-cell movement of CPMV
(Wellink and Van Kammen, 1989). To confirm that CPMV
mutants lacking the MP or CP genes are capable only of
subliminal infections, cowpea plants were inoculated
with CPMV RNA-1 and RNA-2 mutants MGFPDCP or
MGFPDMP, respectively. Only single fluorescent epider-
mal cells were detected between 2 and 6 d.p.i. on the
inoculated leaves (Fig. 3G). This experiment clearly
shows that the mutant RNAs are efficiently replicated in
the initially infected epidermal cells, but are not able to
spread to neighboring cells, confirming that both the CPs
and the MP are absolutely required for cell-to-cell move-
ment of CPMV.
DISCUSSION
The results described in this paper clearly show that it
is possible to express functional GFP containing small
N- and C-terminal extensions from the genome of CPMV
in plants. Due to the expression strategy of the virus, GFP
can be produced only as part of a polyprotein. Previous
experiments have shown that mutations affecting pro-
cessing of the polyprotein encoded by RNA-1 are always
FIG. 4. Agarose gel analysis of RNAs extracted from virus particles.
RNA was extracted from virus particles isolated from leaves infected
with viruses as indicated above each lane. Lanes 1 and 5 contain the
transcription mixtures that have been used to inoculate plants.
TABLE 1
CPMV-GFP and CPMV-TRI Deletion Mutants
Virus
59 End
deletiona
39 End
deletiona
Deletion length
(nt)
CPMV-GFP-D1 141 596 456
CPMV-GFP-D2 14 697 684
CPMV-GFP-D3 wtb wtb 834
CPMV-TRI-D1 14 679 666
CPMV-TRI-D2 220c 540 561
a Numbering starts with first nucleotide of GFP coding region. The
first (59) and last (39) nucleotide missing in the deletion mutant are
indicated.
b The wt RNA-2 sequence was found to be present in this virus.
c Twenty nucleotides from the duplicated coding region were deleted
in the cDNA from this virus.
FIG. 5. Diagram showing the genomic organization of a recombinant
CPMV RNA-2 and its parental RNAs. The sequence of this recombinant
has been determined over a length of 700 nt between positions 1450
and 1660 of RNA-2. The position of the recombination site in the two
parental RNAs as deducted from the sequence is indicated. For further
explanation see legend to Fig. 2.
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detrimental to the virus, probably because both interme-
diate and final cleavage products have an essential
function in replication (Goldbach and Wellink, 1996). Mu-
tational analysis of RNA-2 has shown that, at least in
protoplasts, the capsid proteins and the MP can function
independently and there were no indications for a sep-
arate function for the 105- and 95-kDa polyproteins
(Wellink and Van Kammen, 1989; Kasteel et al., 1993).
Therefore we decided to try to insert the GFP coding
region between the MP and L coding region and to
duplicate the natural Gln/Met cleavage site at this posi-
tion to create two artificial sites around GFP to ensure
release of GFP from the RNA-2 polyprotein. The resulting
CPMV-GFP was found to be almost as infectious as wt
CPMV, suggesting that the artificial cleavage sites are
functional. So far we have not tried to express GFP from
other positions in the CPMV genome. Successful expres-
sion of foreign genes from other polyprotein producing
viruses has been reported for poliovirus (Andino et al.,
1994) and tobacco etch potyvirus (TEV) (Dolja et al.,
1992).
The single green fluorescent epidermal cells that were
observed on leaves of plants inoculated with CP or MP
deletion mutants of RNA-2 containing the GFP gene
confirm the notion that both the CP and MP genes are
essential for cell-to-cell movement and underscore the
potential to use GFP to test more subtle mutants in these
genes. The viability of the tripartite CPMV shows that
movement proteins and capsid proteins derived from
separate RNAs are fully functional, i.e., these proteins do
not require a coordinated expression. Furthermore, the
MP and CP coding regions seem not to contain se-
quences essential for encapsidation, and molecules
both larger and smaller than wt RNA-2 are efficiently
encapsidated. So far for comoviruses, no specific se-
quences necessary for encapsidation have been identi-
fied. Our results indicate that if such sequences exist,
they have to be present in the 59 and/or 39 noncoding
regions of the RNAs.
CPMV-TRI induces smaller lesions on pinto and needs
more time to establish a systemic infection in cowpea
than wt CPMV and CPMV-GFP, which is probably due to
both less efficient replication and movement of this mu-
tant due to its tripartite nature. One of the recombination
events between the two small RNA-2 molecules of
CPMV-TRI we have observed so far resulted in an RNA-2
molecule with a size that is larger than wt RNA-2. This
RNA-2 mutant was found to be rather stable since we did
not observe reversion to wt size RNA-2 after several
further plant passages (data not shown). Sequence anal-
ysis of a few other viruses that no longer expressed a
functional GFP demonstrated that deletions occurred in
the inserted sequence at several different positions and
that in the case of CPMV-GFP also reversion to the wt
RNA-2 sequence can take place. The occurrence of
spontaneous deletions after insertion of a foreign gene
has also been described for other positive-strand RNA
viruses and has been most extensively studied by Dolja
et al., (1993) for TEV. Probably the number of amino acids
required to form the artificial cleavage sites in the CPMV
vector can be reduced, and this may increase the stabil-
ity of viruses carrying insertions by reducing the chance
of homologous recombination which is probably the
mechanism causing the reversion to the wt RNA-2 se-
quence.
CPMV can be used to express foreign proteins in
plants; however, due to its expression strategy the for-
eign protein will have additional amino acids at least one
of its ends. Recently the foot-and-mouth disease virus 2A
protease (Ryan et al., 1991) has been shown to be func-
tional in a plant virus expression system (Santa Cruz et
al., 1996), which could be used in the CPMV system to
reduce the number of additional amino acids of the
foreign protein.
MATERIALS AND METHODS
Construction of mutants
Plasmids pTB1G, containing a full-length cDNA of
RNA-1, and pTM1G, containing a full-length cDNA of
RNA-2, from which infectious transcripts can be obtained
by in vitro transcription, have been described by Eggen
et al., (1989). For the construction of pTMGFPDCP1, the
NheI (filled-in)–EcoR I fragment from plasmid pTU#58,
which contains the GFP coding sequence (Chalfie et al.,
1994), was subcloned in plasmid pBlueScript (Strat-
agene) digested with HincII and EcoRI, resulting in pB-
SGFP. The small XhoI–SmaI fragment from pBSGFP was
inserted in pTM1G digested with XhoI (partially, at posi-
tion 1620 of the RNA-2 cDNA, Fig. 2) (Van Wezenbeek et
al., 1983) and NaeI (3173), resulting in pTMGFPDCP1.
Plasmid pTMGFPDCP was obtained from pTMGFPDCP1
by deleting sequences coding for S of CPMV RNA-2
between nt 3175 (NaeI site) and 3279 (near the stop
codon of S) and the 39 nontranslated region of GFP
through looping out with oligonucleotide CTATACAAATA-
AATGTCGACACACTGCTAC (Kunkel, 1985).
In pTMGFPDCP the GFP stop codon was removed and
a new Bg/II restriction site introduced (bold nucleotides)
by mutagenesis with oligonucleotide GTGTCGACA-
GATCTTTGTATAGTTC, resulting in pTMGFPDCP1Bg.
Plasmid pTMGFP was constructed by inserting the small
AflII (1301)–BglII(just downstream of the GFP coding se-
quence) fragment of pTMGFPD1Bg in pTM1G digested
with AflII (1301)–BamHI (1504). Digestion of pTMDAUG3
(Wellink et al., 1993) with ScaI (524) and BamHI (1504)
followed by religation of the plasmid after blunting the
protruding ends with Klenow polymerase resulted in
pTMD48 with a deletion of 987 nucleotides in the MP
coding region. By exchanging the SalI (just upstream of
the T7 promoter)–BamHI (1504) fragment in pTMGFP for
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the corresponding fragment of pTMD48, pTMGFPDMP
was obtained.
Inoculation of protoplasts and plants and RNA
analysis
Cowpea protoplasts isolated as described by Rezel-
man et al., (1989) were inoculated with in vitro transcripts
of the cDNA clones (Vos et al., 1988) as described pre-
viously (Van Bokhoven et al., 1993). Extracts of infected
protoplasts were prepared by the addition of 100 ml PBS
to a pellet of 106 protoplasts and disrupting the cells by
repeated uptake through a small needle in a syringe.
Cowpea plants were inoculated with transcripts or ex-
tracts of infected protoplasts as described by Wellink
and Van Kammen (1989). Extracts of inoculated or sys-
temically infected leaves were prepared by grinding
these leaves in PBS, and used to inoculate new cowpea
plants and ‘‘pinto’’ bean plants, a local lesion host of
CPMV. Virus was purified from infected leaves using the
polyethylene glycol method described by Van Kammen
(1967). RNA was isolated from virus particles by phenol/
chloroform extraction and ethanol precipitation and an-
alyzed directly on agarose gels or by RT–PCR and se-
quencing as described by Sijen et al., (1995).
Detection of green fluorescence
Plants were inspected with a hand-held UV lamp as
described by Baulcombe et al., (1995). Whole leaves and
protoplasts were viewed using a Leica stereo fluores-
cent system with a GFP filter set or a Leica labarluxS or
Nikon Optiphot epifluorescent microscope using UV and
BV filters.
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